1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Life Sci. Author manuscript; available in PMC 2021 December 15.

-, HHS Public Access
«

Published in final edited form as:
Life Sci. 2020 December 15; 263: 118602. doi:10.1016/j.1fs.2020.118602.

Role of Mitochondria in Mediating Chondrocyte Response to
Mechanical Stimuli

Yuchen Hel, Meagan J. Makarczyk!2, Hang Lin1:2:3
1Department of Orthopaedic Surgery, University of Pittsburgh, Pittsburgh, PA

2Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA

SMcGowan Institute for Regenerative Medicine, University of Pittsburgh, Pittsburgh, PA

Abstract

As the most common form of arthritis, osteoarthritis (OA) has become a major cause of severe
joint pain, physical disability, and quality of life impairment in the affected population. To date,
precise pathogenesis of OA has not been fully clarified, which leads to significant obstacles in
developing efficacious treatments such as failures in finding disease-modifying OA drugs
(DMOAD:s) in the last decades. Given that diarthrodial joints primarily display the weight-bearing
and movement-supporting function, it is not surprising that mechanical stress represents one of the
major risk factors for OA. However, the inner connection between mechanical stress and OA
onset/progression has yet to be explored. Mitochondrion, a widespread organelle involved in
complex biological regulation processes such as adenosine triphosphate (ATP) synthesis and
cellular metabolism, is believed to have a controlling role in the survival and function implement
of chondrocytes, the singular cell type within cartilage. Mitochondrial dysfunction has also been
observed in osteoarthritic chondrocytes. In this review, we systemically summarize mitochondrial
alterations in chondrocytes during OA progression and discuss our recent progress in
understanding the potential role of mitochondria in mediating mechanical stress-associated
osteoarthritic alterations of chondrocytes. In particular, we propose the potential signaling
pathways that may regulate this process, which provide new views and therapeutic targets for the
prevention and treatment of mechanical stress-associated OA.
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Introduction

Osteoarthritis (OA) is a degenerative disease majorly characterized by the progressive
breakdown of joint cartilage and abnormal bone remodeling. First recognized in the late
eighteenth century [1], OA now has become the most common joint disorder. According to
the data collected by United States (U.S.) Centers for Disease Control and Prevention in
2015, OA affected 54.4 million adult people in the U.S., and the number is expected to reach
78.4 million (25.9% of the projected total adult population) by 2040 [2, 3]. With the high
predominance of overweight and obesity, both the prevalence and incidence of OA are
expected to rise [4].

Clinical symptoms and radiographic changes of OA include chronic pain, stiffness,
tenderness, synovial inflammation, degeneration of ligaments, hypertrophy of the joint
capsule, joint space narrowing, crepitus formation, subchondral bone sclerosis, thinning of
the cartilage, and changes in periarticular muscles, nerves, bursa, and local fat pads [5].
Therefore, OA has recently been indicated as the failure of the joint organ [6], meaning all
the joint elements are affected and contribute to the disease pathogenesis. However,
degeneration of articular cartilage still represents the key feature in OA pathology.

Pathological changes of OA are complicated with multifactorial etiologies. Aging, obesity,
genetic predisposition, excessive loading, trauma, metabolic syndrome, gender, and hormone
profile are all identified to be closely related to the progression of OA [7]. But the precise
pathogenesis of OA is still beyond the scope of current knowledge. Consequently,
pharmacological treatments are limited to symptom relief and function restoration rather
than slowing or stopping the progression of the disease [8]. The only end-point treatment for
late-stage OA is joint replacement surgery [9].
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OA has the highest prevalence in weight-bearing joints such as knees, hips, and the spine
[10]. In fact, it has been determined that mechanical loading is one of the major risk factors
of OA. The novel structure of the synovial joints allows mechanical loadings to be dispersed
and absorbed. Particularly, the articular cartilage is able to reduce shock and friction to hard
tissues beneath. Depending on different intensity, frequency, and duration, mechanical
loading plays different roles in the health of cartilage [11]. Moderate mechanical loading is a
requirement for chondrocytes to maintain a homeostatic balance between catabolic and
anabolic processes. Also, moderate mechanical loading can promote the growth of
chondrocytes and cartilage formation by regulating proliferation related processes such as
inducing the release of growth factors or transiting latent transforming growth factors (TGF)
into its active form [12, 13]. Lacking physiological loading, like in spinal cord-injured
patients, the knee cartilage experiences an accelerated degeneration [14]. In contrast,
overloading and chronic overuse may shift this balance to catabolic processes, leading to
cartilage degradation and onset of osteoarthritis [15]. For instance, the maximum pressure
endured by the human knee during a normal gait ranges from 3 to 9 MPa [16]. If exceeded,
mechanical loading can cause degenerative changes in the cartilage [16, 17]. Likewise,
frequency is another crucial factor. Immutable or static loading, in the physiological range,
fails to elicit a chondrogenic response [18]. On the contrary, moderate dynamic mechanical
loading, with load frequencies exceeding 0.2 Hz, promotes cartilage growth and matrix
synthesis [19]. /n vitro studies further identified that cyclic compression at frequencies of
0.01 to 1 Hz and strain amplitudes of 1% to 5% stimulated aggrecan biosynthesis [15]. Low-
level cyclic tibial compression after joint injury was also found to attenuate post-traumatic
osteoarthritis (PTOA) progression in mice [20]. However, the mechanotransduction
mechanism in the context of chondrocytes is still poorly understood. Understanding the
interplay between mechanical loading and other biological factors within the joint is
necessary to gain insight into the OA disease initiation and progression and in order to find
targets for therapeutic intervention. In this review, we pay special attention to the
mitochondria and discuss their roles in orchestrating mechanical stimuli and other
physiological signals.

The mitochondrion is generally seen as an energy factory that converts nutritional molecules
into adenosine triphosphate (ATP) via oxidative phosphorylation [21]. It is a double-
membrane-enclosed organelle composed of the outer membrane, intermembrane space, and
inner membrane (Figure 1) [22]. As a semiautonomous organelle, mitochondrion has its own
independent genome called mitogenome, which encodes 13 proteins, 22 transfer RNAs, and
2 mitochondrial ribosome-coding RNAs [23]. The mitochondrial outer membrane (MOM)
encloses the entire organelle and contains porins and enzymes that are involved in diverse
activities, such as the elongation of fatty acids, oxidation of epinephrine, and the degradation
of tryptophan [24]. Increased permeabilization of MOM results in the leakage of proteins
from the intermembrane space to the cytosol, eventually leading to apoptosis [25]. The inner
membrane is extensively folded and compartmentalized, forming numerous invaginations,
known as cristae, to increase total inner membrane surface area. Unlike the outer membrane,
the inner membrane does not contain porins, and is highly impermeable. Only several types
of molecules such as oxygen, carbon dioxide, and water can freely travel through [26].
Enzymes involved in ATP production are embedded on the inner membrane, including
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NADH dehydrogenase (complex I), succinate dehydrogenase (complex I1), cytochrome ¢
reductase (complex I11), cytochrome ¢ oxidase (complex 1V), and ATP synthase (sometimes
referred to as complex V) [27].

The respiratory chain involved in generating energy also produces reactive oxygen species
(ROS), making mitochondria the primary source of ROS in mammalian cells [28]. Excessive
ROS production and resultant mitochondrial damage have been observed in a range of
diseases. Interestingly, mitochondria also possess a ROS neutralizing mechanism. In
particular, superoxide dismutase (SOD) is a critical antioxidant defense that alternately
catalyzes the dismutation of the superoxide (O27) radical into ordinary molecular oxygen
(O2) and hydrogen peroxide (H,05,), protecting cells from oxidative damage [29]. In
humans, three forms of superoxide dismutase are present, including SOD1, SOD2 and
SOD3 [30].

In healthy cartilage, chondrocytes maintain low mitochondrial content and slow rates of
respiration in order to minimize oxidative damage [31]. During OA progression, increased
proneness to aerobic respiration and mitochondrial DNA (mtDNA) damage, impaired
mtDNA repair capacity, and decreased mitochondrial biosynthesis ability together induce
mitochondrial dysfunction in OA pathogenesis [32]. Apart from energy generation,
mitochondria also produce ‘non-energetic’ intracellular signals that are able to influence the
gene expression in nucleus. The dysfunctional mitochondria in osteoarthritic chondrocytes
may cause a detrimental impact on a number of cellular processes and metabolic pathways
[33]. Interestingly, increasing research on the response of chondrocytes to mechanical
loading has also revealed the important role of mitochondria in this process [34, 35]. Taken
together, we propose that mitochondria play a critical role in mediating the mechanical
stress-associated osteoarthritic changes in chondrocytes.

Mitochondrial dysfunction and OA pathogenesis

In addition to energy production, mitochondrial function is also associated with
inflammation regulation, apoptosis induction, calcium metabolism, and the generation of
ROS, and reactive nitrogen species (RNS) [36, 37]. Recent investigations have yielded new
evidence on the relation between alterations of mitochondrial function and cartilage
degeneration/OA pathogenesis, such as increased chondrocyte apoptosis, decreased type Il
collagen secretion, calcification of the cartilage matrix, and inflammation-mediated matrix
breakdown [38].

1.1 Cellular nutrient sensors and mitochondrial function

Cell metabolic state is constantly changing in response to various inner and outer
physiological signals. In order to maintain homeostasis and appropriate cellular function,
cells develop several nutrient-responsive regulatory systems which orchestrate an integrated
physiological response exclusively to cellular energy fluctuations. These regulations are not
restricted to one or two organelles but involve all of the components in the cell, together
modulating cell metabolism, growth, differentiation, and aging [39]. Several molecules have
been identified as the universal energy sensors in mammalian cells, which include: (1) the
AMP-activated protein kinase (AMPK) [40, 41], (2) the target of rapamycin (mTOR) [42,
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43], (3) the nicotinamide adenine dinucleotide (NAD)+-dependent deacetylase sirtuin 1
(SIRT1) and SIRT3 [44, 45], (4) the peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-1a) [46, 47], (5) the PAS domain-regulated serine/threonine
kinase (PASK) [48, 49], (6) the hexosamine biosynthetic pathway (HBP) [50-52], (7)
peroxisome proliferator-activated receptor-a (PPARa) [53, 54], and (8) farnesoid X receptor
(FXR) [55-57]. The unfolded protein response (UPR) also participates in the energy sensing
[58, 59]. Functions and regulatory mechanisms of these molecular sensors are summarized
in Table 1. The interplay among these pathways are also demonstrated in Figure 2. The
complex regulatory network jointly regulates the mitochondrial metabolic adaptation,
biogenesis, and mitochondrial-nuclear communication, maintaining the homeostasis [60—
62].

OA chondrocytes are sensitive to increased endoplasmic reticulum (ER) and mitochondrial
stress, which may cause altered activity of energy biosensors and even cell apoptosis [63].
For example, biosensor deficiency in chondrocytes, such as the lack of AMPK, PGC-1a or
the repression of SIRT1/AMPK pathway, accelerates the progression of OA in mice [64, 65].
Activation of AMPK, PGC-1a, SIRT1 or SIRT3 prevents the progression of osteoarthritis by
preserving mitochondrial DNA integrity and function [66—69]. Autophagy is a protective
cell survival mechanism, preventing cells from undergoing apoptosis induced by ER stress.
mTOR is a major repressor of autophagy. Overexpression and phosphorylation of mMTOR
have been observed in human OA cartilage as well as animal OA models [70], which
correlates with increased chondrocyte apoptosis and reduced expression of essential
autophagy genes during OA. Inhibition of the PI3K/AKT/mTOR signaling pathway or
persistently increasing UPR expression were shown to promote the autophagy of articular
chondrocytes and attenuate inflammation response in OA chondrocytes [71-73].

1.2 Mitochondrial metabolism change and OA

Avrticular cartilage is an avascular dense tissue with limited permeability. Under normal
physiological conditions, nutrition is supplied to chondrocytes mainly through diffusion,
predominately from the synovial fluid (SF) and sparingly from subchondral bone marrow
(BM) [74]. Asymmetric, decreasing oxygen and nutrient gradients therefore exist from the
superficial to the deep zones and are affected by many factors such as cell density, cartilage
thickness, mechanical loading, cell consumption rate, and nutrition concentration in synovial
fluid [75]. The oxygen tension of synovial fluid in humans is 6.5-9.0% [76]. In knee joint
cartilage, oxygen tension decreases from 5-7% in the superficial zone to less than 1% in the
deep zone, a very low level compared to 13% in arterial blood [75]. Under such extremely
hypoxic conditions, chondrocytes restrict metabolism to relatively low rates[27, 77]. Due to
the limited availability of oxygen supplies, anaerobic glycolysis is thus the major energy
source of chondrocytes, while mitochondrial oxidative phosphorylation account for no more
than 25% of the ATP production [78, 79]. The relatively low mitochondrial content and slow
rates of respiration are also helpful for chondrocytes to minimize oxidative damage [31].

However, in osteoarthritic cartilage, a different situation is observed. Due to cartilage
thinning, microcracks, and even disappearance in OA, chondrocytes in the deep zone are
directly exposed to the synovial fluid, while cells in the superficial zone are easily exposed
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to the biochemical factors generated by subchondral bone. Additionally, the increased
number of microfractures and vascular channels within the subchondral bone may lead to
the leakage of components in subchondral bone marrow in to the cartilage [80, 81].
Therefore, the originally established oxygen tension and molecular gradients in the healthy
cartilage are completely altered [75, 82]. Under a relatively high oxygen tension
environment, chondrocytes will change their metabolic state to a higher ratio of aerobic
metabolism, producing more ROS as byproducts [83, 84]. Moreover, the expression of
SOD2significantly decreases in OA chondrocytes at both gene and protein levels, further
increasing the accumulation of ROS [85]. Massively accumulated ROS results in DNA
damage, lipid peroxidation, oxidation of amino acids in proteins, which eventually triggers
cell apoptosis [83].

1.3 mtDNA haplogroups and OA

Exposed to different stresses such as excessive ROS, mtDNA has very high rates of mutation
and sequence evolution [86]. In fact, mtDNA with very different sequences can coexist
alongside their normal counterparts without causing pathological changes. This situation is
also referred to as “heteroplasmy” [87]. The mutations in mtDNA are maternally inherited
and have accumulated throughout human history, primarily shaped by climate selection as
humans migrated into colder living environments [88]. After a long period of evolution, the
presence of a particular set of single nucleotide polymorphisms (SNPs) accumulated
sequentially along radiating maternal lineages, forming so-called haplogroups [89]. As
affected by climate and many other environmental factors, mtDNA haplogroups are
continent-specific[90]. Briefly, haplogroups HV, IWX, JT, and KU account for >90% of
European mitochondrial mtDNA variation, haplogroups A, C, D, G, Y and Z represent
>75% of the mtDNA variability in Siberia, haplogroups A, B, C, D, and X encompass 100%
of the mtDNA variation in native Americans, macrohaplogroups N and M contributed
equally to mtDNA radiation in southeastern, Central Asia, and Africa. Furthermore, the
three most ancient mtDNA haplogroups are LO, L1 and L2 [88, 91]. These accumulated
mutations, including synonymous, non-synonymous, and non-coding mutations, affect gene
transcription, protein synthesis, and functional changes of complex | to V, resulting in
different susceptibilities to insults in multiple human diseases [86, 92].

mtDNA haplogroups have been demonstrated to influence many aspects of OA, including
OA incidence, prevalence, and progression [93] (Table 2). The 8-year longitudinal
osteoarthritis initiative (OAI) and cohort hip and cohort knee (CHECK) cohorts show that
mtDNA haplogroup J is associated with a lower incident rate of knee OA [94]. Investigations
on the relationship between mtDNA haplogroups and the prevalence of OA reveals that the
mtDNA haplogroup J and T have a decreased risk of knee OA in Spain and UK populations
respectively [95, 96]. Furthermore, in a population study from China, mtDNA haplogroup B
seems to be a protective factor against knee OA [97]. mtDNA haplogroup T and mtDNA
cluster JT show a lower risk of radiographic knee OA progression [98, 99]. The protective
role of these haplogroups may be attributed to low mitochondrial respiration and glycolysis,
and reduced production of free radical and pro-inflammatory cytokines such as IL-33, IL-6
and TGFB2 [100], low grade of apoptosis, as well as decreased expression of the
mitochondrially related pro-apoptotic gene BCL2 binding component 3 (BBC3) [94]. As not
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all patients carrying these haplogroups respond in the same way or are protected from OA,
the precise identification of molecular mechanism of each haplogroup is needed to finally
use haplogroups as a means to predict OA.

1.4 Other mitochondrial changes observed in osteoarthritic chondrocytes

2.

Activities of various sirtuins are found to decline in OA chondrocytes, and that reduced
sirtuin activity has many detrimental effects on cartilage metabolism and health [101]. For
example, SIRT3 regulates mitochondrial dynamics and deacetylates many central
mitochondrial antioxidant enzymes such as isocitrate dehydrogenase (IDH2) and superoxide
dismutase 2 (SOD2). Therefore, SIRT3 participates in regulating the mitochondrial MRC to
maintain normal oxidative mechanisms [102]. The decline in SIRT3 activity and levels
impairs antioxidant protein function, leading to the accumulation of ROS and RNS [103].
Increased levels of ROS and RNS cause damage to mtDNA, decrease mitochondrial
membrane potential (Ay ), reduce the activity of complex IV, and eventually lead to cell
death [104, 105]. The increase in mitochondrial mass observed in OA chondrocytes
therefore can be compared to a compensatory mechanism to offset the loss of mitochondria
due to mitophagy, deficiency in electron transfer, and resultant low ATP production [106].

Matrix-vesicle-mediated microcalcification is another feature of OA cartilage, and
mitochondria play important roles in this process as well. Particularly, calcium stored in
mitochondria participates in regulating intracellular Ca?* homeostasis [107]. When
mitochondrial respiration is being suppressed, mineralization in both extracellular matrix
(ECM) vesicles and mitochondria themselves is promoted [27, 79]. The movement of
mitochondrial Ca2* also induces cyclooxygenase-2 (COX-2) expression and prostaglandin
E2 (PGEZ2) production, resulting in increased generation of pro-inflammatory cytokines,
including IL-1p, IL-33, IL-8, TNFa, NF-xB (nuclear factor kappa-light-chain-enhancer of
activated B), COX2, PEG2, and matrix metallopeptidases (MMPs) including MMP1,3 and
13 [108, 109]. Moreover, the release of Ca* from mitochondria can also trigger a cascade of
caspases, leading to apoptosis and cell death [110, 111].

Mitochondrial function in cell responses to mechanical loading

Mechanical loading has complex and diverse effects on regulating the signaling pathway in
chondrocytes. Moderate exercise shows protective effects, increasing cartilage thickness,
proteoglycan content, and mechanical stiffness [112]. This protective effect may partially be
achieved by supplying chondrocytes with more nutrients. As we know, the cartilage matrix
restricts the travel of molecules by size, charge, and molecular configuration. Additionally,
the average pore size within the ECM is approximately 6.0 nm [19]. Such a dense structure
forms the basis for low permeability, which prevents fluid from being quickly perfused into
or squeezed out of the matrix [113]. Under moderate dynamic mechanical loading, however,
the compression of articular cartilage augments the fluid flow, promoting the transport of
nutrients into and waste products out of the tissue [113]. Regular joint motion, even once per
day, is helpful to enhance fluid flow in a joint effusion [114]. This also partly explains why
static loading does not have a protective role. While loading above or below the suitable
range is believed to cause atrophy of the cartilage, characterized by cartilage thinning and a
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decrease in proteoglycan content [115].Despite extensive research efforts in the past,
mechanical stress sensing, and transduction in chondrocytes, known as
mechanotransduction, is still poorly understood. Here we summarize several molecular
mechanisms and discuss the role of mitochondria in this process.

2.1 Mechanotransduction in chondrocytes

Mechanotransduction refers to the processes through which cells sense mechanical stimuli
and convert these stimuli into biochemical signals that elicit specific cellular responses
[116]. There are six major types of stress: compression, tension, shear, bending, fatigue, and
torsion. During development, the location of the subchondral growth front is influenced by
intermittent shear stress and hydrostatic pressure within the deep zone cartilage [117]. In
mature cartilage, compression and tension are more common for chondrocytes as they are
encased by ECM in cartilage [118, 119]. Unlike sensory cells which develop special
receptors, chondrocytes percept and respond to mechanical loading with non-specialized cell
structures or molecules, such as pericellular matrix, cilia, integrins, microfilaments, and the
focal adhesion complex [120]. Downstream pathways of each signal receptor are different,
which ultimately leads to different resultant responses.

Primary cilia are solitary, non-motile extensions of the centriole that consist of an axoneme
of nine doublet microtubules that extend from a basal body surrounded by the ciliary
membrane [121]. First named by Sergei Sorokin in 1968, primary cilium has been identified
as a cellular sensory organelle and can be found on the cell surface of nearly all nucleated
eukaryotic cells during growth arrest [122, 123]. Incidence and length of chondrocyte
primary cilia change in response to varying intensity and action time of mechanical stress
during joint activity, either “stretched” by mechanical intervention, or “cut” by the excessive
intensity of a mechanical stimulus [124]. The unique hair-like structure enables primary cilia
to act as mechanosensory organelles that transduce mechanical forces and initiate specific
biological signals through regulating Ca2*, receptor tyrosine kinases (RTKs), Hedgehog
(Hh), Wingless-INT (WNT), neuronal and purinergic receptors, as well as through
communication with the ECM [125]. For instance, Indian Hedgehog (lhh) is a key
component of the regulatory apparatus that regulates chondrocyte proliferation and
differentiation [126]. All the proteins required for Hh signal transduction are enriched in
primary cilia and change their distribution in response to different mechanical stimuli [127].
As such, the mechanical signals are then converted into biochemical signals through cilia
and Ihh. Under cyclic tensile strain (10% strain), hedgehog signaling transduction was
activated, which increased the expression of ADAM metallopeptidase with thrombospondin
Type 1 Motif 5 (ADAMTS- 5) [128]. However, this response was not seen in the condition
of 20% strain, which is partially due to significantly reduced cilia length at high strains.
Interestingly, this study also indicated that suppressing histone deacetylase (HDAC)6
prevented cilia disassembly and preserved their capacity in sensing mechanical overloading.
Primary cilia’s function is also under the regulation of polycystic kidney disease protein 1-
like 1(PKD1L1), a heteromeric transient receptor potential (TRP) channel anchored on the
surface of the primary cilia. PKD1L1 controls ciliary calcium concentration and thereby
modifies smoothened (SMO)-activated GLI2 translocation and GLI1 expression [129]. It is
still unclear how exactly primary cilia recruit Ihh and activate downstream pathways under
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mechanical stress. Given that protein kinase A (PKA) represses the expression of Hh target
genes through phosphorylating sites on GLI3, and PKA activity is closely related to
intracellular CaZ* concentration, we hypothesize that cilia regulate the Ihh pathway under
mechanical stress via regulating Ca2* level.

Mechanosensitive ion channels are another group of force sensors and regulators in
chondrocyte mechanotransduction. Activated by mechanical inputs, these transmembrane
protein channels react rapidly, leading to the localized flux of ions across the membrane
[130]. Mechanosensitive ion channels that play a role in chondrocytes’ perception of stress
include transient receptor potential vanilloid 4 (TRPV4), piezo type mechanosensitive ion
channel component (PIEZO) 1, and PIEZO2 [131]. TRPV4, a non-selective but Ca2*
preferred membrane cation channel, can be activated by a wide range of stimuli including
physical (cell swelling, heat, and mechanical stimulation) and chemical (endocannabinoids,
arachidonic acid, and, surprisingly, 4a-phorbol esters) stimuli [132]. In cartilage
development, this ion channel is involved in chondrocyte differentiation and loading-induced
ECM biosynthesis [133, 134]. GSK205, a TRPV4 antagonist, blocked the biosynthetic
response of chondrocytes to dynamic mechanical loading [134]. Similar results were
reported that silencing the 7/RPV4 gene with siRNA abolished the effects of mechanical
strain [135]. In contrast, chemical activation of TRPV4 in the absence of loading mimicked
the effects of moderate loading, which enhanced chondrocyte anabolic activity and
suppressed catabolic expression [134]. An /n vivo study showed that global 7rpv4 knockout
increased the susceptibility to both age-related and obesity-induced OA [136, 137].
However, a conflicting result was reported as well, in which cartilage-specific knockout of
TRPV4 in adult mice demonstrated a protective effect and reduced the severity of aging-
associated OA [138]. Given that increased intracellular Ca%* concentration and
mitochondrial ROS generation have a close mutual promotion effect in several mammalian
cells, TRPV4-mediated Ca2* intracellular accumulation may play an important role in
mediating the loading-induced release of mitochondrial ROS [139, 140].

PIEZOs are large-transmembrane proteins identified as pore-forming ion channels directly
gated by membrane stretch and are conserved among various species [141]. PIEZO2 is
mainly involved in mediating gentle touch sensation, while PIEZO1 has broad roles in
multiple physiological processes, including sensing mechanical stress, regulating cell
function, and controlling cell migration and differentiation [142, 143]. Hydrostatic pressure
sensed by PIEZOL1 in bone marrow-derived mesenchymal stem cells (BMSCs) promoted the
expression of bone morphogenetic protein-2 expression via the activation of the ERK1/2 and
p38 MAPK signaling pathway [144]. In chondrocytes, compressive overloading induces
PIEZO-mediated accumulation of intracellular Ca2*, resulting in caspase-12 and ER-stress-
mediated cell apoptosis, potentially contributing to the development of OA [145]. Blocking
PIEZO1 with PIEZO-blocking peptide, or Piezo-specific SiRNA, protected chondrocytes
from apoptosis [146, 147]. 1t should be noted that TRPV4 and PIEZOs extensively interact
with each other. High-speed pressure clamps and elastomeric pillar arrays revealed that both
TRPV4 and PIEZO1 channels contributed to stimuli-activated currents in primary murine
chondrocytes [148]. Recently, PIEZO1-induced TRPV4 channel openings were found in
pancreatic acinar cells [149, 150]. These findings indicate the possibility that these two ion
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channels might regulate through separate, but overlapping mechanoelectrical transduction
pathways to regulate intracellular Ca?+ levels and mitochondrial function [148, 151].

The cytoskeleton and structurally connected proteins, such as integrins and lamin A, are also
involved in mechanotransduction. Mechanical stimulation of chondrocytes leads to
cytoskeleton deformation and associated distortion of intracellular organelles [152, 153].
Subsequent cytoskeleton reorganization is related to lethal mitochondrial ROS and
mitochondrial oxidant release [154]. For example, Brouillette et al. identified that the release
of lethal amounts of ROS from mitochondria increased linearly relative to the magnitude of
cartilage deformation. Significant cell death was observed at strains > 40%. By contrast,
hydrostatic stress, which causes minimal tissue strain, had no significant effect [153]. More
evidence was found by using agents that promote the dissolution of major cytoskeleton
protein, microfilaments (cytochalasin B), or microtubules (nocodazole). Both agents
significantly reduced impact-induced oxidant release and cell death [155]. Integrins are
heterodimeric transmembrane glycoproteins composed of a large extracellular domain, a
single transmembrane region, and a short cytoplasmic tail [156]. Extracellular domains bind
a host of cartilage extracellular matrix (ECM) proteins, most notably fibronectin and
collagen types Il and VI [157]. Excessive mechanical signals are sensed and transmitted to
the intracellular tail of the integrin, which regulates different kinases, phosphatases, and
other signaling molecules via adapter proteins such as paxillin, Shc, and tensin [158, 159].
Interestingly, the number and subunit composition of integrins change with age, suggesting
the impact of aging on chondrocyte response to mechanical loading [157].

Lamin A is an architectural protein of the cell nucleus which lines the interior of the nuclear
membrane to provide binding sites and confer mechanical stability [160]. Nuclear
deformation caused by either substrate stiffness or applied forces have the potential to
induce the redistribution of lamin A from the nuclear membrane to the nucleoplasm [161].
The translocation of lamin A then directly promotes the transportation of Yes-associated
Protein (YAP) to the nucleus, further activating its paralog, the transcriptional co-activator
with PDZ-binding motif (TAZ) [162]. Nuclear YAP activity controls the transcription of
genes involved in cell cycle control, typically driving proliferation and survival, blocking
apoptosis and differentiation [163, 164]. YAP also has crosstalk with other mechanosensitive
pathways such as Akt/mTOR and TGFR/SMAD, together regulating mechanotransduction
and cell reactions [163]. The mechanistic role of lamin A in YAP transport remains unclear,
however, it is likely that lamin A interacts with nuclear pore complexes (NPCs) to regulate
YAP translocation as a correlation between lamin A distribution and NPC density, which has
been observed in the nuclear membrane [165]. Moreover, studies on other mechanosensors
such as microRNA-365, and voltage-dependent CI- channels are limited and need further
exploration [166, 167].

2.2 Mechanical loading, mitochondria, and OA

It has been long acknowledged that exposure of articular cartilage to supraphysiological
mechanical loading can directly evoke cartilage degeneration and the onset of osteoarthritis
[168]. Dr. David Felson actually claimed that most or almost all osteoarthritis is caused, in
part, by mechanically induced injury to joint tissues [169]. The possible reasons may include
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inducing apoptosis and cell death, evoking inflammation due to the breakdown of cartilage
matrix, and activating the stresses-associated pathways that generate detrimental molecules
[170]. In fact, the term “mechanoflammation” has been proposed to reflect the fact that
mechanical stress can drive inflammatory signaling [171]. However, little is known about the
molecular mechanism underneath. Given demonstrated effects of mechanical stress on
mitochondrial ATP production, membrane potential change, and the increased generation
and release of oxytoxins, a causal link between mitochondrial dysfunction and OA
pathogenesis, has been implied [16]. In Figure 3, we summarize the known molecules that
are involved in this relationship. It should be noted, however, that a significant knowledge
gap still remains.

ATP production and ATP/ADP ratio decrease under cyclic compression accompanied by
suppressed respiratory activity, increased proton leakage, decreased mitochondrial
membrane potential, as well as increased ROS formation in bovine cartilage explants [172].
These changes have a significant impact on chondrocytes. For example, mitochondrial
damage and depolarization lead to the accumulation of PTEN-induced putative kinase
protein 1 (PINK1) on the mitochondrial surface, which normally is imported into healthy
mitochondria and cleaved by mitochondrial proteases [173]. If the importing process fails
due to mitochondrial dysfunction, PINK1 autophosphorylates, dimerizes, accumulates on
the outer mitochondrial membrane, and then phosphorylates Parkin and ubiquitin to trigger
mitophagy [174]. Studies have found that Pink1-mediated mitophagy leads to chondrocyte
death, while deficiency in Pink1 expression was associated with decreased cartilage damage
and pain behaviors in the Monoiodoacetate (MIA)-induced OA model, suggesting that
targeting the Pink1 pathway may provide a therapeutic avenue for OA treatment [175]. Also,
this oxidant-dependent mitochondrial dysfunction, caused by mechanical stimuli, may
contribute to the destruction of cartilage during various stages of OA by disrupting
chondrocyte anabolic responses[176]. Activation of the AMPK-SIRT1-PGCla pathway
then increases mitochondrial biogenesis in chondrocytes. Conversely, the activation of
AMPK-SIRT-3 pathway induced Parkin expression, SOD2 activation, and mitophagy,
together reducing mitochondrial stress [104]. The activity of AMPK and its regulatory
upstream Kkinase, serine/threonine-protein kinase (STK11), is reduced in bovine
chondrocytes after dynamic compression-induced biomechanical injury [177]. This reduced
activity has been associated with substantially reduced mitochondrial biogenesis and ATP
production [178].

The mitochondrial membrane potential is generated by proton pumps (Complexes 1, 111, and
IV), and forms the transmembrane potential of hydrogen ions in the process of energy
storage during oxidative phosphorylation (OXPHOS) [179]. Under mechanical stress, the
endoplasmic reticulum releases Ca?* to the cytoplasm via the ryanodine receptor, which is
then taken up by the mitochondria to maintain cellular Ca?* balance. The accumulation of
excessive calcium in the mitochondrial matrix leads to the formation of the permeability
transition pore (PTP), in turn causing the collapse of the mitochondrial transmembrane
potential, resulting in the release of Ca2*, and mitochondrial proteins, such as cytochromes
[180, 181]. Such mitochondrial depolarization and loss of mitochondrial proteins causes a
series of cascade reactions, constituting a positive feedback regulation, and eventually leads
to caspase-9 dependent apoptosis and cartilage degradation [182].
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Expression level and activity SOD2 constitute an important part of mechanical-overloading-
induced mitochondrial dysfunction and aging-related cartilage degeneration. In a surgically
induced destabilization of the medial meniscus (DMM) OA mice model, mechanical
overloading resulted in decreased SodZexpression and SOD2 levels in knee chondrocytes.
SOD2 deficiency resulted in mitochondrial superoxide overproduction, thus leading to
mitochondrial dysfunction and cartilage damage [34]. This mitochondrial superoxide
imbalance and mitochondrial dysfunction could be eliminated by the supplement of small-
molecular-weight superoxide dismutase mimetics in a dose-dependent effect [35].

Conclusion and Future Perspectives

Despite tremendous efforts spent in OA research in last decades, few breakthroughs have
been made in the prevention or treatment of OA. For example, pharmacological benefits for
OA development using MMP and ADAMTSS5 inhibitors in humans were not observed, and
the benefits of anticytokine therapies in OA clinical trials are so far uncertain [183, 184].
With no effective disease-modifying osteoarthritis drugs (DMOADs) approved by regulatory
bodies, OA is still a worldwide disease that affects the health of millions of people. For
symptomatic end-stage OA patients, total joint replacement is an effective treatment with
high success rates. But potential side effects, such as infection, and fibrosis, and poor
functional outcome are also observed in ~2% OA patients undergoing total joint replacement
[185]. Additionally, in spite of progress in the generatio of artificial joints, the lifespan of
prostheses is limited and variable [2]. Given that more than 2 million total joint replacements
are performed globally each year [186], the number of OA patients that don’t benefit from
this major surgery is remarkable. Thus, identifying and treating OA before it causes
structural changes and functional disability are of fundamental importance [187].

OA is known as a multifactorial disease. Although mechanical stress is the discussing topic
in this review, other risk factors are also involved, such as aging and obesity. Interestingly,
both aging and obesity accompany the changes of mitochondrial function as well [188, 189].
Autophagy has been identified as a protective mechanism in normal cartilage, and aging-
related decline of autophagy is linked with cell death and osteoarthritis [190]. As a selective
degradation of mitochondria via autophagy, mitophagy is decreased in Parkin-depleted
chondrocytes, resulting in increased production of ROS, accumulation of dysfunctional
mitochondria, and apoptosis [191]. Therefore, instead of targeting the individual upstream
signals/molecules, we propose modulating the common downstream hub of multiple
regulatory pathways, such as mitochondria, may provide a more efficient strategy to find
therapeutic treatments.

There are several strategies to mitigate the impact of mitochondrial dysfunction on cell
functionality. The most straightforward method is removing malfunctional mitochondria via
enhancing autophagy or mitophagy, which have shown ameliorating effects upon OA
development, pointing to the notion that enhancing/restoring normal mitophagy might be a
good OA treatment approach [192, 193]. Other methods aim to restore the normal function
of mitochondria through targeting key molecules. For example, a novel mTOR-independent
autophagic inducer, Trehalose, displays a protective effect in OA mice models by
ameliorating oxidative stress-mediated mitochondrial membrane potential collapse, ATP
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level decrease and ER stress, via selective autophagy stimulation and autophagic flux
restoration [194]. Other mitochondrial protective drugs that have been tested in OA animal
models include quercetin [195], SS peptides [196], mitochondria-specific antioxidant
MitoTempo [197] and metformin [198]. Among the many changes resulted from the loss of
mitochondrial homeostasis, ion imbalance, especially calcium imbalance, seem to be at the
core. As discussed above, Ca2+ released from the mitochondria leads to mitochondrial
membrane depolarization, oxidative phosphorylation suppression, reduced ATP production,
as well as increased ROS production that may cause mtDNA damage and denaturation of
mitochondrial proteins. These harmful changes, once started, influence each other to form a
positive feedback regulation path. Therefore, modulation Ca2+ flux to break this circle
might represent a therapeutic strategy for the prevention and treatment of OA. Specifically,
reducing mitochondrial permeability and transition pore, or modulating the function of key
factors such as calcium/calmodulin-regulated kinase 11 (CaMKII) and calpains, are other
potential options to treat OA.

As one of the major risk factors, the effects of mechanical stress in OA pathogenesis is
specially focused on in this review. Through summarizing the relevant findings, we propose
the connective role of mitochondria in the relationship between mechanical stress and OA.
Mechanical overloading-induced SOD reduction led to swollen mitochondria with disrupted
cristae [34], which resulted in increased proton leakage, decreased mitochondrial membrane
potential, as well as suppressed respiratory activity, and ATP levels, eventually contributing
to OA [172]. Furthermore, ECM turnover was also influenced by mechanical loading
through an ATP-dependent mitochondrion-regulated way [199]. Taken together, these
molecules mediate mitochondrial dysfunction induced by mechanical stress, which can serve
as the therapeutic targets of post-traumatic OA.

In future studies, non-invasive methods should be generated to monitor the health of
mitochondria in cartilage-based chondrocytes, which will inform us of the intervention
timing. For example, the protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT) has
been used to noninvasively measure the mitochondrial oxygen tension (mitoPO2) in rats
[200]. On the other hand, safe, specific and efficient treatment is needed to restore the
normal mitochondrial function. Zhang et al. recently reviewed the drug therapy for
mitochondrial diseases [103] and many of them haven’t been examined in the context of
osteoarthritis. In addition, since animal models generally don’t allow for high throughput
screening, the newly emerged microphysiological tissue chips that simulate OA pathology in
humans [201, 202] will be powerful tools to quickly identify potential mitochondria-
restoring drugs for pre-clinical studies and clinical trials.

Lastly, in this review we only summarize the mitochondrial function and alterations in
chondrocytes/cartilage. As mentioned above, OA is a whole joint disease that affects all joint
elements. Therefore, understating the mitochondrial alterations in other cells/tissues is also
necessary, which, however, has not been well investigated. Particularly, whether the methods
to enhance the mitochondrial function in chondrocytes work on other cell types needs
special attention, which is critical to assess the efficacy of mitochondria-targeting strategy in
treating osteoarthritis.
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Figure 1. Overview of mitochondrial structure and components.
The mitochondrion is composed of outer membrane, intermembrane space, and inner

membrane. Enzymes involved in ATP production are embedded on the inner membrane,
including NADH dehydrogenase (complex 1), succinate dehydrogenase (complex 1),
cytochrome c reductase (complex I11), cytochrome ¢ oxidase (complex 1V), and ATP
synthase (sometimes referred to as complex V). Irons, mitochondrial DNA (mtDNA) and
protein synthesis related structures like ribosomes exist in the mitochondrial matrix. PTEN-
induced putative kinase protein 1 (PINK1) exists on the outer membrane of all mitochondria.
Mitochondrial damage and membrane potential loss lead to the accumulation of PINK1 on
the impaired mitochondria, which then recruits the E3 ubiquitin ligase parkin from the
cytosol. PINK1 phosphorylates and activates Parkin, which in turn, ubiquitylates
mitochondrial proteins. Finally, disrupted mitochondria are engulfed by isolation membranes
and fuse with lysosomes to form autophagosomes. Mitochondrial damage also activates
BCL-2-associated X protein (BAX) and BCL-2 antagonist or killer (BAK), which in turn
initiate the permeabilization of MOM. Increased permeabilization permits the leakage of
proteins from the intermembrane space to the cytosol, eventually leading to apoptosis.
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Figure 2. The regulatory network that mediates the association between mitochondrial
dysfunction and other physiological activities.

ADAMTS-5: A Disintegrin And Metalloproteinase with Thrombospondin Motifs 5; AKT:
RAC-alpha serine/threonine-protein kinase; AMPK: 5° AMP-activated protein Kinase;
CaMKKGp: Calcium/calmodulin-dependent protein kinase kinase 2; CaN: Calmodulin;
Cdc4z2: Cell division control protein 42 homolog; COX: cyclooxygenase; elFs: Eukaryotic
initiation factors; ERR: Estrogen-related receptor; FAR: Focal adhesion kinase; MAPK:
Mitogen-activated protein kinase; MCU: Mitochondrial calcium uniporter; NAD:
Nicotinamide adenine dinucleotide; NFAT: Nuclear factor of activated T-cells; NRF1/2:
Nuclear respiratory factorl/2; PI3K: Phosphatidylinositol 3-kinase ; RNS: Reactive nitrogen
species; SIRT1: Silent information regulator 1; STING: Stimulator of interferon genes;
SOD: Superoxide dismutase; TNF-a.: Tumor necrosis factor a; UPR: Unfolded protein
response; VDACL: Voltage Dependent Anion Channel 1.
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Figure 3. The pathways that may participate in regulating the responses of mitochondria to

mechanical stimuli.

Mechanotransduction in chondrocytes starts from the perception of mechanical stimuli, and
then cilia, integrins, microfilaments, and focal adhesion complex activate different
downstream resultant responses, eventually affecting molecular synthesis, cell growth,
proliferation, and cells death. ADAMTS-5: A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 5; AKT: RAC-alpha serine/threonine-protein kinase; AMPK: 5’
AMP-activated protein kinase; CaMKK@: Calcium/calmodulin-dependent protein kinase
kinase 2; CaN: Calmodulin; Cdc42: Cell division control protein 42 homolog; COX:
cyclooxygenase; elFs: Eukaryotic initiation factors; FAK: Focal adhesion kinase; MAPK:
Mitogen-activated protein kinase; MCU: Mitochondrial calcium uniporter; NAD:
Nicotinamide adenine dinucleotide; NFAT: Nuclear factor of activated T-cells; NRF1/2:
Nuclear respiratory factorl/2; PI3K: Phosphatidylinositol 3-kinase ; RNS: Reactive nitrogen
species; SIRT1: Silent information regulator 1; SOD: Superoxide dismutase; TNF-a.: Tumor
necrosis factor p; UPR: Unfolded protein response; VDAC1: Voltage Dependent Anion

Channel 1.
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Table 1:

Summary of energy sensors in mammalian cells.

Page 27

Sensor Activator Target genes Effect Reference
. Phosphorylates multiple metabolic Inhibits anabolism, promotes catabolism,
2+
AMPK ADP: ATP Ca%* flux genes autophagy and mitophagy [40, 41]
mMTOR Amino acids Growth Phosphorylates S6 kinases (S6Ks), Inhibits autophagy, promotes cell growth and [42, 43]
factors 4EBP1/2 and Akt anabolism. ’
. i Inhibits anabolism and inflammation, promotes
SIRTs NAD*: NADH Deacetfy;gttgrssrgrl:(ljt|g(!?f2rcatr;sr<s:r|ptlon insulin secretion, influences hypothalamus/ [44, 45]
pituitary axis
Exercise, fasting, cold Promotes gluconeogenesis, fatty acid oxidation
PGC-la exposure, Ca2* PPARSs, ERRa, FoxO1, NRF1 and angiogenesis; Regulates circadian clock [46, 47]
Phosphorylates Pdx-1, eEF1A1, S6 Promotes insulin secretion, glycogen synthesis,
PASK Glucose and glycogen synthase (Gsy) protein translation and lipid accumulation 48, 49]
O-GIcNAc modification of Sp1, Decreases mitochondrial function and oxidative
HBP Glucose PGC-1B, and NRF1 phosphorylation; Increases leptin production [50-52]
PPARS Fatty acids and fatty Fatty acid oxidation and autophagy Induces fatty acid oxidation, autophagic lipid [53, 54]
acid derivatives related genes degradation and lipophagy. ’
. . Suppresses gluconeogenesis and autophagy; o
FXR Bile acids Hal, Prodh, Cps1, Ass1, Glul Promotes cholesterol metabolism [55-57]
Regulates protein folding, ER biogenesis,
UPR Unfolded proteins IREL, elF2, PERK, ATF6 autophagy, innate immunity and glucose [58, 59]

metabolism
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Influence of mitochondrial haplogroups.

Table 2:

Page 28

mtDNA - .
Haplogroup Mutation Type Protein affected Effect Related to OA Ref.
Complex | Increased ROS production and expression
Haplogroup H Synonymous Com ?ex Y; of IL33 and NF-xB; Increased risk of - [86, 92]
P retinopathy and neuropathy.
Haplogroup | Synonymous Complex | Increased risk of Amyotrophic Lateral ) 86, 92]
Sclerosis.
Increased longevity. Protection against R
Haplogroup W Synonymous Complex | Parkinson’s disease. [86, 92]
Haplogroup X Synonymous Complex IV Decreased risk of obesity. - [86, 92]
Decreased ROS production, mtDNA
damage, blood pressure, NO production
- Decreased OA
Non- Complex | and expression of IL33 and NF-xB; P
Haplogroup J synonymous Complex 11 Longer telomere length and increased |nc:g\(le:|(§1g2d [93-95]
longevity; Decreased risk of morbid p
obesity.
Increased production of ROS. Increased Decreased OA
Non- risk of morbid obesity and diabetic prevalence and [93] [96]
Haplogroup T synonymous Complex | retinopathy. Decreased risk of Parkinson’s  slows progression [98]
disease.
Non- Complex | Decreased ROS production. Decreased
Haplogroup K synonymous Complex V risk of Parkinson’s disease. . (86, 92]
: Decreased ROS production Decreased risk
Haplogroup U Non-coding Complex | of Parkinson's disease. - [86, 92]
Haplogroup V Synonymous Complex | - - [86, 92]
Decreased mtDNA copy numbers, ROS
Haplogroup L - Corr:{)/l(;);zs\l/, i, production and ATP turnover rates; - [86, 92]
Increased inflammation-related genes.
Non- Complex | Increased OXPHOS and lower glycolysis Increased OA
Haplogroup G synonymous Complex 11 Increased risk of myocardial infarction. prevalence 93, 98]
- : Decreased OA
Haplogroup B - Complex | Increased risk of type 2 diabetes. prevalence [90]
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